The braconid wasp Microctonus aethiopoides Loan is an idiobiont endoparasitoid of alfalfa weevil adults Hypera postica (Gyllenhal). After oviposition and subsequent egg maturation, large trophic cells called teratocytes dissociate from the serosa and are released into the host hemocoel. These teratocytes are present in large numbers and are visible to the naked eye. It is thought that they accumulate host hemocoelic metabolites for later consumption by the parasitoid larvae. We have undertaken a microscopic study of these gargantuan and complex cells at approximately seven months after parasitization. Parasitized adult weevils were dissected into medium and teratocytes were fixed, embedded, and sectioned at 1 m. Teratocytes were stained with various specific fluorescent dyes for plasma membrane, Golgi, nuclei, lysosomes, mitochondria, and endoplasmic reticulum (ER). The surface of each cell is covered with a dense microvillar layer. Analysis of fluorescent images showed that these cells do not have condensed nuclei. ER was abundant around the nuclear envelope. Lysosomes were positioned around the periphery of the nucleus and the Golgi apparatus was significantly enlarged, being located around the nuclear envelope.
Introduction
Microctonus aethiopoides Loan (Hymenoptera: Braconidae) was found to be an effective biological control agent for the adult alfalfa weevil Hypera postica (Gyllenhal) [1, 2] . M. aethiopoides is an idiobiont parasitoid which prevents further host development after parasitization. Following oviposition into the hemocoel of the adult alfalfa weevil host the M. aethiopoides egg hatches, releasing both a first instar parasitoid larva and numerous free floating extraembryonic serosal cells which subsequently develop and differentiate into teratocytes [3] . Teratocytes undergo significant hypertrophic growth within the hemocoel of the host. The presence of these large, white opaque cells has been implicated in the determination of host range of M. aethiopoides [4] [5] [6] .
Teratocytes or teratocyte-like cells have been documented in developmental studies of four hymenopteran families: Braconidae, Ichneumonidae, and Platygastridae [7, 8] and have been reported in a single species of chalcids [9] . Teratocytes are thought to function primarily as trophic cells which assimilate host metabolites for later ingestion by the developing parasitoid larvae [7] . However, teratocytes secrete a number of proteins in vivo and in vitro which may be responsible for the observed alterations of the host endocrine system [10] [11] [12] [13] [14] [15] and suppression of the host's immune response against the parasitoid egg and larvae [16] [17] [18] . Despite their importance to successful parasitization by braconid parasitoids and their unique functions in suppression of the host immune system and alterations of host endocrinology, the ultrastructure of Psyche teratocytes has been rarely studied [9, [19] [20] [21] . The present study was undertaken to elucidate and to document the ultrastructure of these extremely large and important cells.
Materials and Methods

Insects and Teratocyte Collection.
Nondiapausing alfalfa weevils, Hypera postica parasitized by Microctonus aethiopoides, used in this study were obtained by sweeping adults from an alfalfa field near Boonville, Missouri (Cooper Co.) on April 29, 2002. These weevils were collected in late spring and early summer. The weevils were returned to the laboratory and maintained at 5 ∘ C on a bouquet of alfalfa in a 0.275 L ice cream carton with a Petri dish as a lid until May 1, at which time some were initially dissected under a dissecting microscope in a Stender dish cover in distilled water to assess the extent of parasitization. Adult weevils were grasped with forceps and a needle inserted in anus and gently teased to expose the contents of the abdomen. A careful search was made to locate the parasite larvae to confirm parasitization. If the host was parasitized teratocytes floated into the dissection medium. The identity of the parasite larvae as M. aethiopoides was confirmed by emergence of adult parasites reared from adult weevils collected from the same site. Dissections from weevils maintained in the same manner but for fixing, staining and sectioning of teratocytes Excel 401 tissue culture medium (Gibco Invitrogen; Carlsbad, CA) was used as dissection medium. Dissections were completed 2 days later (May 3), and again on May 6, May 8, and May 10. Teratocytes were collected from the medium for processing as detailed below.
Light Microscopy.
Teratocytes were immediately fixed in 3% paraformaldehyde in HEPES wash buffer for 10 min in a gentle vacuum and 2 hrs at room temperature for fluorescent studies. For light microscopy and TEM studies, the teratocytes were placed in fixative solution (2.5% glutaraldehyde/2% paraformaldehyde, 70 mM HEPES, and pH 7.4) for 3 hrs. Then, the teratocytes were dehydrated in an ethanol series, infiltrated, and embedded in methacrylate for fluorescent studies and in Epon/Spurr's resin for light microscopy. Semithin sections of the teratocytes were stained with 0.5% acid fuchsin/0.5% toluidine blue in ultrapure water. The slides were air-dried at room temperature, mounted with Permount, and viewed with an Olympus (Melville, NY) or Nikon (Melville, NY) microscope. Images were captured using ImagePro (Media Cybernetic, Silver Spring, MD) and Spot (Diagnostic Instruments, Inc.) software and further edited using Adobe Photoshop 6.0 software.
Fluorescence Microscopy.
Using a modification of the technique of Baskin et al. [22] [23] [24] teratocytes were encased in a sandwich of Formvar supported on a copper wire loop. A copper wire loop (36 ga) was made and flattened between two flat pieces of steel. Small rectangular films of 0.25% of Formvar in ethylene chloride were floated on water and the loop plunged into the middle of rectangle so that a film of Formvar surrounded the wire. A number of loops were made in advance. The loops covered with a film of Formvar were placed on a drop of water on a piece of clean glass separately. The fixed teratocytes were gently placed on the center of the Formvar surface. This assembly was coated with another layer of Formvar, sandwiching teratocytes between two layers of Formvar.
Teratocytes sandwiched between layers of Formvar were dehydrated in an ethanol series at −20 ∘ C for 30 minutes for each step and then infiltrated with methacrylate (80% butyl methacrylate, 20% methyl methacrylate, and 0.5% benzoin ethyl ether; Aldrich) and 10 mM DTT. Teratocytes were embedded in fresh methacrylate mix in BEEM capsules and the plastic was polymerized under UV light in a cold room (4 ∘ C) overnight. Blocks were sectioned at 1 m using a Reichert Cut S ultramicrotome (Leica, Wien, Austria). Serial sections of teratocytes were placed on drops of 5% ammonium hydroxide on silane-coated slides. The sections were annealed onto the slide by gentle heating on a slide warmer and the slides were stored at 4 ∘ C for further staining. Entire 1 m sections of eight teratocytes were deplasticized with acetone for 10 minutes, washed with HEPES buffer for 30 minutes, and cleared with 0.1% Tween 20 in PBS for 15 minutes. Nonspecific binding was minimized by incubation in blocking buffer (5% BSA, 1% nonfat dry milk, 1% gelatin, and 0.01% sodium azide).
Organelle specific stains purchased from Molecular Probes (Eugene, OR) were incubated with semithin sections according to manufacturer's recommendations (http:// www.probes.com). Initial range finding experiments with fluorescent dyes, over several orders of magnitude, allowed us to derive an optimal concentration for each fluorescent dye. The sections of two cells were stained with 500 nM of Dil (a plasma membrane specific stain) in HEPES wash buffer for 90 min. Then the sections were washed with the same buffer for 30 min and were counterstained with 500 nM TO-Pro3 (a DNA specific stain) for 90 min. Sections of two other teratocytes were stained with 2 M of NBDC 6 (a Golgi apparatus specific stain) for 90 min and counterstained with 100 nM of Lysotracker (a lysozyme specific stain) for 90 min. The sections of two more teratocytes were stained with 250 nM of Mitotracker (a mitochondrial specific stain) for 90 min and counterstained with 500 nM of DioC 6 (an endoplasmic reticulum specific stain) for 90 min. Slides were mounted with Moviol and were imaged by confocal microscopy.
Transmission Electron Microscopy (TEM).
Teratocytes encased between two Formvar layers were fixed in 2% glutaraldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer. After fixation, the samples were rinsed three times in buffer and then postfixed in 1% OsO 4 in the same buffer. Samples were then rinsed three times for 20 min each with ultrapure water. Tertiary fixation was done in 1% aqueous uranyl acetate, followed by three rinses of 20 min each in ultrapure water. The samples were dehydrated in an ethanol series and infiltrated with Epon/Spurr's resin, and the resin was then polymerized at 55 ∘ C for two days after which the blocks were stored in a desiccator until sectioning. Ultrathin sections were cut with a Reichert Ultracut S ultramicrotome (Leica, Wien, Austria). Standard TEM procedures were applied to ultrathin sections of the teratocytes on copper grids.
Results
Teratocytes collected from the hemolymph of field-collected adult alfalfa weevils at approximately seven months after parasitization were examined by bright-field microscopy. When parasitized weevils were dissected under saline or tissue culture medium numerous teratocytes were easily visualized.
No attempt was made to definitively determine the mean number of teratocytes per host. Teratocytes were extremely large hypertrophied, opaque buoyant spherical cells, visible to the naked eye ( Figure 1 ). Since only a single developmental stage was available for study, earlier stages of teratocyte development, release, and growth were not observed and are not presented in this study. At the time of collection, all teratocytes appeared to have attained maximal diameter. A cytological investigation of teratocyte internal structures was undertaken based on light and fluorescent microscopic examination of a large number of semithin sections. Semithin sections were stained with toluidine blue/acid fuchsin to obtain resolution of intracellular structures (Figures 2(a)-2(d)) . A large stellate nucleus occupied the center of each teratocyte, with ramifications extending throughout the cytoplasm to the plasma membrane. The remainder of the interior was occupied by densely staining granules. In all teratocytes examined, a curious unstained internal membranous network at one end of each teratocyte and occupying a substantial volume was present in close proximity to the plasma membrane (Figures 2(b)-2(d) ).
Further examination of teratocyte intracellular structure was undertaken by fluorescence microscopy of semithin sections using dyes chosen for their ability to stain specific organelles (Figures 3(a)-3(d) ). Sections were dual-stained with the plasma membrane specific stain, Dil, and with the nuclear stain TO-Pro3. A wide plasma membrane surrounding each cell was observed, and a polar structure comprised of an internal membranous network heavily stained by Dil was present at the periphery of each teratocyte examined (Figure 3(b) ). The same sections stained with TO-Pro3 exhibited intense staining of chromosomal DNA within the large stellate nucleus (Figure 3(c) ). The nucleus did not appear to overlap with the unidentified internal membranous network (Figure 3(d) ).
Semithin sections were dual-stained with the Golgi specific stain NBDC 6 and with the lysosomal specific stain Lysotracker (Figures 4(a)-4(d) ). Within each teratocyte multiple strongly staining Golgi structures were observed distributed along the periphery of the nucleus (Figure 4(b) ). Numerous lysosomal-staining structures were distributed throughout the volume of the teratocyte (Figure 4(c) ). When the images were digitally overlaid, the perinuclear position of the multiple Golgi was observed (Figure 4(d) ). Sections dualstained with the mitochondrial specific dye Mitotracker and the ER specific dye DiOC 6 revealed the close proximity of protein synthesis with energy production (Figure 5(a) ). Dark unstained regions were seen within lobes of the teratocyte bordered by intense ER staining ( Figure 5(b) ). Mitochondria are present throughout the same volume of teratocyte occupied by intensely staining ER ( Figure 5(c) ).
Ultrastructural studies were undertaken to obtain a more detailed view of the highly complex teratocyte cytoplasm. The plasma membrane appeared to be composed of a dense lawn of microvilli. Substantial amounts of rough ER cisternae and mitochondria were closely associated with plasma membrane in close proximity to the microvilli (Figures 6(a)  and 6(d) ). The membranous network located at one end of the teratocytes was composed of highly complex and folded membranes with a tubular appearance that could perhaps be invaginations of the plasma membrane involved in uptake of materials from the host hemocoel (Figure 6(b) ). The function of this structure has yet to be determined. The stellate nucleus was surrounded by rough ER, Golgi (Figure 6(c) ), and lipid droplets (Figure 6(d) ). Higher magnification revealed mitochondria, lipid droplets, and darkly staining granules throughout the cytoplasm between the nucleus and the plasma membrane (Figure 6(e) ). The internal structure of the same area of the teratocyte showed large numbers of starch and pigment granules and of lipid droplets (Figure 6(f) ).
Discussion
Teratocytes collected from the hemolymph of field-collected adult alfalfa weevils at approximately seven months after parasitization were examined by bright-field microscopy. When parasitized weevils were dissected under saline or tissue culture medium numerous teratocytes were easily visualized. No attempt was made to determine the mean number of teratocytes per host. In comparison to the developing M. aethiopoides larva from the same host, the teratocytes were extremely large hypertrophied, opaque buoyant spherical cells, visible to the naked eye. Since only a single age was available for study, the initial stages of teratocyte release and growth were not observed. At the time of collection, all teratocytes appeared to have attained maximal diameter.
No earlier teratocyte developmental stages were examined. An initial cytological investigation of the internal structures was undertaken. Semithin sections of the same material were stained with toluidine blue/acid fuchsin to obtain resolution of intracellular structures. In a manner similar to the teratocytes of Toxoneuron (=Cardiochiles) nigriceps (Viereck) [20] , a large stellate nucleus occupied the center of each teratocyte, with ramifications extending throughout the cytoplasm to the plasma membrane. The remainder of the interior was occupied by densely staining granules. An unstained internal membranous network occupying a substantial volume was present in close proximity to the plasma membrane.
Ultrastructural studies were undertaken to obtain a more detailed view of the highly complex teratocyte cytoplasm. The plasma membrane appeared to be composed of a dense lawn of microvilli, similar in appearance to teratocytes of another braconid wasp, Microplitis croceipes (Cresson) [19] . Substantial amounts of rough ER cisternae and mitochondria were closely associated with plasma membrane. Close association of the microvilli, rough ER, and mitochondria at the plasma membrane indicates that both uptake of nutrients from and the synthesis/secretion of proteins into the host hemocoel are the primary activities occurring at this stage of teratocyte development [20, 25] . The membranous network located at one end of the teratocytes was composed of highly complex and folded membranes with a tubular appearance that could perhaps be invaginations of the plasma membrane involved in uptake of materials from the host hemocoel. The function of this structure has yet to be determined. The stellate nucleus was surrounded by rough ER, Golgi, and lipid droplets. Higher magnification revealed mitochondria, lipid droplets, and darkly staining granules throughout the cytoplasm between the nucleus and the plasma membrane. Within this area of the teratocyte adjacent to mitochondria were putative energy storage depots such as lipid droplets and starch granules.
In conclusion, the extremely large M. aethiopoides teratocytes possess an internal structure well suited to their putative trophic and secretory function. The plasma membrane is studded with a dense array of microvilli which would facilitate efficient uptake of nutrients from the host hemocoel. Lysosomes, numerous lipid droplets, and granules of protein and starch crowd the cytoplasm. An amorphous membranous network staining heavily with an ER specific dye is present at one end of the cell. Arms of the large stellate Psyche nucleus ramify throughout the volume of the cell abutting against rough ER and mitochondria. Finally, these teratocytes contain large amounts of Golgi, rough ER, and mitochondria that would be required for the synthesis and export of proteins into the host hemocoel that may be responsible for suppression of the host immune system.
